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Abstract 
Technology road mapping is a critical exercise for multi-stakeholder RTD programs as establishing clear targets may 
be complex particularly if there can be information asymmetries. Further complication arises if a consistent output 
oriented technology performance assessment and monitoring is required, e.g. as part of impact assessment routines 
demanded of public funding agencies. The paper introduces the framework for such a necessity in the FCH-JU, a 
major European initiative, the methodological challenges combining different types of information from published 
and confidential sources, individual expert judgments etc. It demonstrates the solutions developed including such 
advanced approaches as multi parameter comparisons via the MACBETH methodology. It is concluded by an 
outlook for full implementation in the clients program office. 
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1. Introduction 
Technology road mapping (Zernial 2007) is an essential exercise today when designing large scale 
multi-year RTD programs. This is particularly true for those cases where due to the scale of effort 
assumed to be necessary a broad stakeholder involvement and significant public funds is the norm. The 
principles of accountability require that the use of such funds not only be in line with financial audit 
guidelines, but on a wider viewpoint also that using public funds achieves clearly defined objectives and 
targets. Of course, similar principles may also be applied to large industrial corp
technology planning. 
Among the challenges which are particularly present in cooperative research ventures are that they 
often involve a multitude of stakeholders who will in a later market development stage become competing 
players. Thus, the boundary conditions are not conducive to open sharing of knowledge about state-of-the-
art or required future perspectives (Branstetter et al 2002, Sakakibara 2003). In cases where public 
authorities are involved it is further complicated by the fact that the administrators may not have the same 
resources available to independently assess the necessary navigation marks as the majority of information 
sources may be biased due to conflicts of interest. Such conflicts of interest may also be at work at 
executive level in large industrial or scientific organizations, where decisions may then be based more on 
individual professional standing than on stringent objective data. 
The Joint Undertaking for Fuel Cells and Hydrogen (FCH-JU) is such a large scale cooperative 
research venture involving an industry grouping representing more than 40 industrial corporations (NEW 
IG 2012), a research association with approx. 60 institutional members (N.ERGHY 2012) and the 
European Commission, who jointly invest nearly 1 billion Euros into accelerating the commercialization 
of fuel cell and hydrogen technologies (EC 2008). The starting points and targets were developed by a 
European Technology Platform in a bottom-up approach resulting in strategic research agenda and 
deployment strategy documents (HFP 2005a, b). However, due to funding limitations choices had to be 
made once the exact amount of resources available was clear. Thus the development of a technology 
monitoring and assessment framework consisting of methodology and, if possible, tool was among the 
horizontal instruments put in the multiannual implementation plan of the FCH-JU (FCH-JU 2008) and is 
currently being implemented by a consortium involving the authors.  
2. Materials 
2.1. Institutional framework for the management instrument  
The Technology Monitoring and Assessment Framework is part of complex systemic management 
loop where a group of stakeholders is jointly working to close a broad set of gaps between current state-
of-the-art and the targets agreed upon to be necessary for commercialization efforts to be successful. The 
framework acts as primary information feedback instrument enabling the measurement of progress. Given 
the complexity of the history of the technology roadmap at the foundation of the FCH-JU (HFP 2003, 
HFP 2005a, b; HFP2007) and the breadth of potentially viable applications for Fuel Cell and Hydrogen 
technologies, the entire landscape is structured into Application Areas , of which there are four:  
 Transportation and Hydrogen Refueling Infrastructure 
 Hydrogen production and Distribution 
 Stationary Power Generation 
 Early Markets and Portable Power 
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The activities covered under the program outline are defined in a published document (FCH-JU 2009) 
which is periodically revised and subject to external evaluation with the results also accessible to the
public (e.g. European Commission 2011). Generally, the program covers and supports a broad range of 
actions throughout the full spectrum of RTD activities from breakthrough oriented research to
demonstration and transition to deployment. Given the cross cutting nature of the technology as evidenced
by the definition of application areas above, it becomes clear that any technology road mapping needs to
address this complexity, i.e. highly divergent targets for a prima facie similar technology as can be seen 
from the example below:
Fig. 1. Vehicle type dependent targets for a Fuel Cell Auxiliary Power Unit
Fig. 1 shows some of the target specifications for a fuel cell system in an auxiliary power unit (APU)
type application if used in four different vehicle types (note that the scale is logarithmic). As is evident 
from the graph these targets may vary by orders of magnitude even within such a small segment, resulting
in differentiated gaps between state-of-the-art and those targets. The program needs to address these gaps
stringently, preferably using a technology road map agreed upon by a majority of stakeholders. To enable
program steering the roadmap requires the inclusion of benchmarks at certain points in the timeline.
Therefore, it can be understood that a solid understanding of the state-of-the-art as well as targets
across the boundaries of various technological approaches, systems and applications will be necessary for 
managing the technology program regarding its scientific achievements. Even more broadly, such an
understanding needs to be developed on a worldwide base without ignoring the differences resulting from 
variations of operating context (e.g. climatic conditions, size requirements or environmental emphasis or 
socio-economic drivers).
An important issue for the development of any decision aid support system is which processes and
decisions shall be supported by it. In the case of the system discussed here, some top level use cases can 
be identified as listed below:
Progress monitoring of projects
Status definition and progress monitoring of technology within an application context
Technology benchmarking in its competitive landscape
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 Road mapping review and intermediate target formulation per application 
 Program review and possibly, budget allocations 
 
This list needs to be understood in the context of the program overall objective and its boundary 
conditions. In the case of the FCH- ccelerate the development and deployment of fuel 
 
(FCH-JU 2011). 
and an instrument of integration, i.e. a technology and deployment road map. The request for proposals 
(FCH-JU 2010) listed the basic functions necessary for implementing the evaluation the progress achieved 
as: data acquisition and respective quality management, assessment, benchmarking and monitoring. 
However, the requirements of the launch client regarding the system presented here also included the 
development of a proximity-to-
ere not specified further at that time, leaving the methodology open to proposers. 
2.2. Implications 
While it seems obvious that road mapping exercises and related monitoring and assessment activities 
will need to use performance data, these are often derived from using the knowledge of experts seen as 
either driving the process forward or having expertise in it (Zernial 2007). Depending on the knowledge 
of experts reduces the need for actual data gathering which can be quite resource intensive, but may lead 
to biased steering, as a variety of possible artifacts may occur: e.g. the experts or the organizations they 
represent (either internally or in public private partnerships also institutions) may choose to use the 
opportunity to guide the roadmap guided by competitive issues, or alternatively they may not be sharing 
the full information available to them (Sakakibara 2003). Thus, the authors believe that information 
coming from such experts needs to be supported by a database of performances of technologies which are 
relevant for the roadmap to be either developed or managed. As the technologies may vary widely and 
testing procedures and their respective outputs are not universally standardized, a fact that is particularly 
true for emerging technologies, the database needs to address this issue. Modern knowledge databases are 
thus built on an ontological concept, whereby objects are defined via attributes, which may be expressed 
in various dimensions and differing metrics. 
2.3. Performance data material and metrics challenges 
The basic performance information may be included in both structured and unstructured sources which 
needs distilling and will encounter a variety of issues related to consistency and quality of the data as 
exemplified below (Montignac et al 2012, Gang Wu 2011, Cleantechnica 2011):  
 The lack of standardization in data reporting when dealing with emerging technologies, i.e. RTD 
projects use different metrics to describe the same ontological attribute, e.g. reliability being measured 
in %, MTBF (mean time between failures) and MBRC (miles between road calls) and often do not 
publish sufficient additional information to make a stringent conversion or classification possible  
 A number of sources use aggregated or imprecise data, e.g. by reporting that a certain key component 
achieved a milestone by having a durability greater than 10.000 hours, but not giving a precise number 
or compounding the number of miles for a fleet of vehicles in a project or site without giving 
individual achievements 
 Even apparently similar or convertible numbers may have been recorded at different operating 
conditions not reported (e.g. operating temperatures) or are measured using different conventions (e.g. 
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refueling times for hydrogen refueling including safety set-up times or just the actual refilling step) 
 
How these inconsistencies influence the workflow of an analysis depends on the evaluation intent. If a 
real benchmarking is the objective then it is essential that the reported performance data, the process 
parameters of re
does not apply. If the aim of the exercise is a more cursory overview of progress made within regionally 
distinct programs (e.g. US DoE vs. FCH-JU) then such progress can also be found by looking at relative 
progress vis- -vis the respective target. For some judgments it may also be relevant to look at the 
development of the spread (standard deviation) of data as this tends to decrease as technology matures.  
 
While a significant portion of the data inside the core database is from public sources which depending 
on the maturity of technology may not represent leading edge in either technological achievement or 
actuality. In the case of the system being used by a private industrial organization or as part of a funding 
access or accidental publishing data needs to be classified with respect to confidentiality. It is also 
important that quality management rules apply. It is neither sensible not to record early low level 
information lacking documentation transparency but pointing to latent developments, nor is it proper to 
unwittingly compare such data with e.g. peer reviewed performance. Thus each data set needs to be 
flagged as having a certain quality enabling the analyst to judge the confidence level for the evaluation 
result.  
 
Since part of the scope of the work is to develop a monitoring function, i.e. the development of metrics 
or benchmarks over time, definitions have to be made as well regarding the correct time-stamping of 
performance data, particularly if data origin is outside the control domain of the tool owner, as is the case 
when using data reported in public journals. This is necessary to ensure benchmarking actually compares 
achievements at comparable points in time although it is acknowledged that in most cases one can only 
achieve a proxy for actuality. 
 
Another issue is that in order to achieve the transparency and stringency required by a program using 
public funds, the actual performance data has to be associated with a wide array of information to enable 
relating to operating specifications, if available, the source of data, descriptive data of the research object 
as well as research organization reporting it, if relevant links to projects, programs and their respective 
targets. 
 
Once all the data input and validity issues are solved and different objects can be compared using their 
attributes described as performance data both individually vs. project or program targets, thus fulfilling 
the project progress monitoring. If proper benchmarks can be selected from the database also 
benchmarking can be done on a single or a few comparative sets of metrics. A variety of benchmarks is 
possible, we currently define BiC (Best in Class) and BAT (Best Available Technology), which should be 
time correlated, and a special vers nsity of the 1.5l 
Turbocharged Formula 1 engines of 
up). 
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2.4. Additional data and input 
As is evident from Fig. 1 the issue of a broader technology assessment or monitoring becomes more 
complex simply due to the amount of different parameters describing the performance of a single research 
object just in the technical and economical domain which quickly exceeds the human capacity to 
objectively process the relative attractivity of these objects needs relative to a similar multitude of targets. 
The requirements for the technology monitoring and assessment tool thus included the need for a flexible 
multi-parameter comparison (HFP 2010) which may require the introduction of a new set of data, i.e. 
attractivity scores derived from both the actual performance values and the judgment of experts in the 
field. 
 
Last, not least, going back to the original definition of technology road mapping, which is typically 
based on expert input, it was seen as necessary to also build an opportunity to include information and 
judgments from this important group of stakeholders, but to do so in a structured format. While the core of 
the materials for this function was the already existing Technology Readyness Level, an expert judgment 
ranking scale originally developed by NASA (Mankins, 1995) further dimensions had to developed to 
also enable the functionalities of Commercialization Ranking and Emerging Technology Radar. In 
particular the latter requires that the expert judgment is taken at regular intervals to allow a systematic 
monitoring of developments rather than single event triggered assessment. 
 
3. Methods 
3.1. General Development Process 
The development method consisted of a proposed first stage set of functionalities as described in the 
submitted and selected proposal which was to be refined in rapid prototype loops using workshops with 
the user and early confrontations with Alfa stage solution prototypes even for individual functions. 
In a first workshop the proposed functions were extensively discussed with the user to determine major 
use themes that could be detailed into use cases. Meanwhile two Alfa Stage solutions have been presented 
to the client and they will soon start to use the tool. In addition the tool is constantly updated by the 
consortium team using a number of dedicated server solutions and a forum for development. This 
approach is also used to enter data for the validation case studies foreseen for the last stage of the project. 
3.2. Brief description of the IT Solution 
The tool is based on a middleware solution including client and application level which gives a 
universal platform to rapidly and efficiently build application specific database solutions. One of the 
consortium partners has successfully used it to build environmental monitoring and lab management 
solutions which share some similarities with the application developed here, i.e. data quality management, 
workflow representations and highly scientific data. The middleware approach allows flexibility with 
respect to the actual database software used which is seen as an advantage regarding implementation in 
different corporate or institutional environments. Of course, all these solutions offer multi-user capacity, 
highly secure operation and Windows  type user interfaces. Remote access can be set up and is currently 
used in the development phase by all consortium members. 
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3.3. Solution approach to data challenges
Data entry is based on objects at different hierarchy levels and their respective relations and follows a 
user guided process in which the user defines the object via the technology description comprising the
type of energy vector to work with, the life cycle step, as well as the technology type and the application.
The evaluation boundaries are set aggregation level (from materials to complete solutions including
hydrogen and fuel cell systems, such as a vehicle or a power plant), the testing scale and environment.
This data is linked to descriptive information as listed earlier. The object performance is then entered in a
structured form, i.e. within one of the five aspects shown in Fig.2 below.
Fig. 2: Five major evaluation dimensions for integrated evaluation
The ontology approach enables the definition of parameter groups for each of the aspects, describing 
similar attributes utilizing different metrics (e.g for reliability as already discussed above) thereby at least
partially addressing the data consistency issue.
Imprecise data is addressed using relational notions and an input wizard prompting the user entering
the data to make an estimate of range. This is necessary to limit the number of data sets returned for a
query. To return to the example of a press announcement regarding a fuel cell bus having achieved a
lifetime of its stack above 10,000 hours; without a range indication such an entry denoted as >10,000
would also return this object in a query for bus fuel cells of 50,000 hours, even if it is clear that the
referenced unit is quite unlikely to have reached this longevity. Thus, the analyst must decide to either
, the system 
will then use the MEAN of the range indicated unless defined to the contrary.
Every new data entry must be authorized by a data owner who is knowledgeable in the subject
technology, by storing the source document right in the database checking back in the case of suspicious
data can be done very easily. If data was transferred correctly from the source but still remains
questionable, a validation process can be triggered by the owner, e.g. via asking independent expert 
reviews. The system then supports the corresponding workflow. While it is possible to also look at the
raw unauthorized data, the default mode does not allow processing it in an evaluation. Furthermore, the
level of confidentiality of data respected based on the user rights definitions and queries must also define
if they are to include confidential data.
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In addition, benchmarking new technology solutions against each other and particularly against a 
plurality of incumbent solutions needs an abstract object, albeit apparently concretely meeting a set of 
specifications and typically at a higher aggregation level, such as a product or even a product group. The 
performance of this abstract object is the result of statistically processed performance data of a series of 
concrete objects, in our case termed research objects, which are classified using descriptive blocks. It is 
important to note that in the context of technology assessment even a very precisely specified 
performance parameter represents an object that may change certain attributes depending on the use of it, 
such as its relative weight in aggregate
energy per weight ratio will have a different level of importance depending on whether the application 
under discussion is rail or aerospace transport. 
 
Presentation is in the form of performance tables, which can also be used as Pivot-Tables for further 
processing. Any tables can be seamlessly used in widely used spreadsheet tools, such as MS Excel. The 
tool offers a broad range of plotting options that enable the user to generate all graphic output without 
leaving the system. Watermarking and automatic documentation of evaluation parameters fulfill the need 
for traceability of any results presented. 
3.4. Multi Parameter Comparison 
Both Fig. 1 and 2 clearly point to the need for a multi-parameter comparison. Even if each aspect were 
only measured by a single parameter, the results would already be very difficult to present. As shown in 
Fig. 1, however, the technical aspects may quickly reach 8-10 parameters. Their respective physical units 
and resulting axis scales enhance complexity further. In addition, performance in engineering terms may 
not always be converted into a linear scale of attractivity..  
 
 
 
Fig. 3: Multi-step process enabling comparison of multiple parameters 
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The comparative evaluation of a multitude of parameters is solved as shown in Fig. 3 using a MACBETH 
(Measuring Attractiveness by Categorical Based Evaluation TecHnique) methodology (Bana e Costa 
2005). It enables normalization procedures using thresholds that may also create multi-segmental 
functions to convert the fact that a performance below a certain level may render the technology useless in 
a given application, whereas improving it beyond another threshold will not make as much difference to 
justify the added effort or resource usage thus creating a value function which allows a comparison of 
scores. In a second step aggregation with appropriately developed weights and priorities can yield a single 
measure of attractivity for each object, such as a technology option with the highest level of attractivity 
given a well defined application (Montignac 2009).  
3.5. Expert Inputs, Commercialisation Ranking and Emerging Rechnology Radar 
An important function was to integrate expert input into the technology road mapping process, but to 
do so allowing a structured analysis and the implementation of functions allowing the ascribing of a 
commercialization ranking and an emerging technology radar. 
 
Originally the consortium had proposed a method whereby a composite index, the Commercialization 
Readiness Level (CRL), was  to be plotted against a technology maturity index such as the Technology 
Readiness Level (TRL, Nolte 2003; Wancura 2009). This CRL was to be compounded of a variety of 
subscales with the objective to in an aggregate form define -to commercialization  
 
Research during the project did lead to a number of conclusions and subsequently changes to the 
approach. For one, no clear algorithmic link between performance data or socio-economic data and any of 
the proposed subscales could be developed. It is conceivable that such links may in the future be 
developed using heuristic approaches, but the restrictions imposed onto the project with respect to 
timeframe for launch and resources made available excluded this option for the current version. Thus, it 
was necessary to retain or rather re-emphasize expert input possibility which is based on the experts 
know-how developed outside of the tool and evaluation reports developed using data from the database. 
 
Two further issues amplified the need for a different approach: (i) there is an ongoing methodological 
debate on whether one shall and in fact even can directly compound ordinal scales using weights as 
suggested e.g. by other approaches like the Integration Readiness Level leading to a System Readiness 
Level (Sauser,2006; Kujawski, 2010); (ii) given the fairly large number of aspects having an influence on 
commercialization it was likely that weighted aggregation would lead to ambiguous results where 
weaknesses in one sector would be offset by strength in another field and the resulting final output might 
not contain useful managerial information. 
 
It was thus decided to offer a function where a number of aspects regarding a product/technology 
combination are judged by experts in an interactive method (Wancura et al, 2012). Such judgments are 
then compared in real-time with the data stock of ratings rendered by other experts regarding the same 
object and a feedback is presented to the expert with the option to adapt her/his judgment, thereby 
realizing a computer aided expert consensus model. 
 
These aspects are  
 Technology maturity (via the established TRL) 
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 Non-technical barriers via a qualitative index called Framework Readiness Level (FRL) 
 Fit regarding the plurality of policies, e.g. energy or environmental, on the notion that new 
technologies in the energy field have so far only succeded if supported by policy related 
interventions either via subsidies or regulated markets, this being a qualitative index called Policy 
Congruence Level (PCL) 
 Manufacturing Readiness Level (MRL) a ranking scale very similar to the one used by NASA and 
the US DoD (GAO 2002) and addressing both qualitative and quantitative capability of meeting 
demand 
 Demand Development Status (DDS) is a ranking scale that enables a reasonably precise 
positioning of the commercialization status on the product life cycle curve, with a high resolution at 
the early market phase to assist in finding the inflection point towards real market growth. This 
scale may see the quickest conversion into an algorithmic version as one could use actual market 
shares, price differential and marketconcentration information via a Herfindahl-Hirschmann Index 
to construct an algorithm. 
 
To complete the assessment base a qualitative market portfolio is added consisting of Market 
Attractivity and Relative Competitive Advantage. 
 
If the processed expert judgments regarding the upper parameters listed are all plotted against the main 
objective of a technology development programme, i.e. the technology maturity, and also positioned in the 
market portfolio and such data is available for different time frames as shown in Fig. 5 an interesting 
managerial information can be developed as shown based on constructed example data below. 
 
 
 
Fig. 5 Constructed multiple portfolio evaluation using the different scales developed 
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If this graph is analyzed using the definitions made the following first assessments can be made: 
 Technology C is the most mature of the three technologies presented, but is stagnant in its 
development over the observation period. Technologies A and B have both made progress, but A still 
represents a much lower status of maturity. 
 Technology A and C are similarly attractive with respect to policy congruence PCL and that level is 
significantly higher than for Technology B. The attractiveness of the options with respect to policies 
has not changed for the observation period. 
 Technology C is most advanced in terms of addressing non-technical barriers, but it and Technology B 
have not changed over the observation period, whereas Technology A has made progress in this area. 
 With respect to Demand Development Status Technology B is most advanced and has made progress 
over the monitoring period, as has Technology A, albeit from a much lower level. Technology C is 
stagnant in an intermediate position. 
 A quite important information is contained in the manufacturing readiness which shows massive 
progress for Technology B a low readiness for Technology C despite a quite high technological 
maturity and a minor progress for technology A. 
 As a final assessment we look for the market portfolio and find that the position for all technologies 
was originally quite attractive, but Technology C has a complete change of position over the 
monitoring period. 
 
Conclusion: the industry had originally looked at all three options as they had an attractive market 
proposition. Issues of competitiveness and market development clearly affected investment into 
technology C despite its policy attractiveness. Technology A is not yet sufficiently advanced for larger 
scale market introduction so the industry is now pushing Technology B despite its lower attractivity in 
policy terms while they are developing Technology A. In terms of the original brief to develop a 
commercialization ranking we would conclude 1. Technology B, 2. Technology C (although a question 
mark would be put as to the sustainability of its position) and finally Technology A. With respect to 
emerging technology we would suggest that the industry seems to see Technology A as the major next 
generation option. 
4. Results 
The tool which is named TEMONAS for TEchnology MONitoring and ASsessment has been 
developed as an integrated combination of methodology and advanced database application; its core 
functionalities are currently tested in an Alpha stage by the partners; the Beta Release will be transferred 
to a Beta Test Team at the client organization after summer. Methodological issues were addressed and 
new methods developed to meet the requirements laid out by the client. 
Results of this joint work will be used to perform the FCH-  
scheduled for later this year. 
5. Discussion and Outlook 
While monitoring the maturity of technology via the Technology Readiness Level has become standard 
operating practice in a number of business fields, the development of the tool has raised a number of 
issues suggesting the need for further discussion, such as testing the validity of the new scales with 
different technologies and contexts. The authors plan to use a broken bone analysis of less successful 
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technology launches versus very successful ones in the energy field to see if the chosen scales will allow a 
proper identification. 
Another issue will be to develop the toolbox for emerging technology radar further: the original 
proposal already foresaw a Social Network Analysis of research performing organizations as structural 
changes in their cooperation patterns will precede technical outputs via published reports by a number of 
years. This functionality was dropped due to budget restrictions and may become the focus of the next 
development stage. 
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